INTRODUCTION
The mammalian mucosal gastrointestinal tract is a complex ecological environment that contains a heterogeneous population of > 10 14 microorganisms that belong to ~ 1,000 different species. 1 -3 These diverse populations are principally composed of anaerobic bacteria, among which the gram-negative Bacteroides species comprise ~ 25 % of the microflora population. Bacteroides are transferred from mother to infant during the birthing process and can be detected in the gastrointestinal tract of the neonate after approximately 10 days. 4 As part of the human commensal population, Bacteroides fragilis is symbiotic with the host but if it reaches sterile extraluminal sites can be responsible for tissue infection, bacteremia, abscess formation in the peritoneal cavity, brain, liver, pelvis, or lungs. 5, 6 The control of pathogens by the inflammatory process is required to maintain a normal physiologic state that in turn must be regulated to prevent the loss of immune homeostasis. Studies in germ-free animals, born and raised in sterile conditions, have shown that early exposure to both pathogens and non-pathogenic microbes is necessary for the complete development of the gut-associated lymphoid tissues (GALT) and balanced immune development. 7 Germ-free studies have shown that monocolonization with B. fragilis is sufficient to stimulate early development of the GALT, and to induce normal organogenesis in the spleen and thymus. B. fragilis is sufficient to restore the T H 1-immune balance from the otherwise default T H 2-immune bias of germ-free animals. 6 -8 Interestingly, oral treatment with polysaccharide A (PSA) produced by B. fragilis protects against intestinal inflammation by the induction of interleukin (IL)-10-producing regulatory CD4 + T cells. 9 Other zwitterionic polysaccharides, such as the type 1 capsule of Streptococcus pneumoniae also have the ability to modify inflammatory responses in animal models by the induction of interleukin (IL)-10-producing CD4 + T cells. 10 Bacteroides has been associated with the " hygiene hypothesis " in the control of immune homeostasis, 11 which states that increased vaccination practices, extended usage of antibiotics, and clean environment may alter the colonization of intestinal pathogenic microorganisms such as helminthes and bacterial populations. This could lead to an imbalance between inflammatory T H 1 and T H 17, and anti-inflammatory T H 2 and regulatory cell populations, which has been associated with autoimmune conditions such as allergy and asthma. 12 We recently showed that reduction of the bacterial content of the gut alters the clinical A polysaccharide from the human commensal Bacteroides fragilis protects against CNS demyelinating disease ARTICLES outcome of experimental autoimmune encephalomyelitis (EAE) in mice, the most widely used animal model for multiple sclerosis (MS). 13 Oral treatment of mice with antibiotics reduced the EAE severity by diminished pro-inflammatory responses and enhanced FoxP3 + T reg cells that accumulated in mesenteric and cervical lymph nodes (LNs).
In this study, we show that oral treatment with purified PSA conferred protection in SJL / J and C57BL / 6 mice. This protection was completely abrogated in IL-10-deficient mice. Our results suggest a potent regulatory role for this specific human commensal bacterial antigen in the control of central nervous system (CNS) demyelination in this experimental model of human MS.
RESULTS

Oral treatment with purified PSA from B. fragilis protects against EAE
To evaluate the ability of purified PSA to protect against disease, we treated intact, na ï ve SJL / J ( Figure 1a ) and C57BL / 6 ( Figure 1b ) mice with 100 g of PSA orally every 3 days starting 6 days before EAE induction, as previously described for experimental colitis. 9 Treatment with purified PSA delayed the EAE clinical outcome, reduced the severity, and the cumulative scores ( Figures 1c and d ) of the disease in both strains of mice ( P = 0.0002 in SJL / J, and P = 0.004 in C57BL / 6, by Mann -Whitney U -test) when compared with untreated (phosphate-buffered saline (PBS) group) mice. Transversal sections of spinal cords of mice treated with either PSA or PBS showed reduced demyelination and nucleated cell infiltration in mice treated with purified PSA when compared with PBS-treated mice ( Figure 1e ), in concordance to the reduced severity of the disease.
We next compared the expression of Th1 / Th17 transcription factors and cytokines in brains of C57BL / 6 mice after PSA treatment to that of untreated mice ( Figure 2a ). Expression of ROR t as well as IL-17 was reduced significantly in EAE mice treated with PSA when compared with PBS-treated mice. Equivalent reductions were observed in the levels of T-bet and interferon (IFN)-, suggesting that both Th17 and Th1 responses were diminished in the brains of mice protected against EAE on oral treatment with PSA. By contrast, brains of PSA-treated mice showed enhanced levels of smad3 expression (that signals transforming growth factor (TGF)-production) when compared with PBS-treated mice. No level of IL-10 expression was found in brains of either PBS-or PSA-treated mice (not shown). No detectable levels of expression of measured transcription factors and cytokines were found in the brains of untreated naive and na ï ve mice immunized orally with PSA.
Cervical LN leukocytes were cultured for 48 h in the presence of myelin oligodendrocyte glycoprotein (MOG) 35 − 55 , used to induce EAE, or media (control) ( Figure 2b ). IL-17 and IFNreleased to the culture media of cells stimulated with MOG 35 − 55 were significantly reduced in EAE mice treated with PSA when compared with untreated mice, whereas IL-10 production was enhanced significantly. Antigen nonspecific stimulation with anti-CD3 and anti-CD28 antibodies resulted in a similar pattern of cytokine secretion with reduction of both IL-17 and IFN-in PSA-treated mice (not shown).
Therapeutic treatment with PSA protects EAE
Therapeutic treatment with purified PSA reduced the severity of EAE severity and cumulative scores of C57BL / 6 mice when the administration started 3 or 7 days after EAE induction ( Figure 3a ) . A significant reduction in the cumulative scores and EAE intensity in mice treated with PSA on days 3 ( P = 0.004, Mann -Whitney U -test) and 7 ( P = 0.02) after EAE induction was observed when compared with PBS-treated mice or those treated 10 ( P = 0.04) and 16 days ( P = 0.007) after EAE induction. The cumulative scores of mice treated on day 10 were also reduced significantly when compared with control PBS-treated mice ( Figure 3b ). The initiation of the treatment 16 days after the induction of the disease did not confer any protection against clinical disease. The role of CD11c high CD103 + DCs in the conversion of na ï ve CD4 + T cells into Foxp3 + Treg cells has been shown, 14 and potential role for commensal bacteria in this conversion suggested. 14, 15 CD11c high CD103 + DCs have been found in the GALT and mucosal respiratory tissues. 16 -18 Flow cytometry of the cervical LN of EAE mice treated with PSA showed significant increases in the levels of CD11c high CD103 + and CD103 − DCs when compared with PBS-untreated mice ( Figure 4a ). Interestingly, the accumulation of CD11c high CD103 + DCs was only found in the cervical LN of mice treated with PSA that were EAE induced, and not in unchallenged mice and subsequently treated with PSA or in mice treated with PSA and exposed to pertussis toxin and complete Freund ' s adjuvant, the adjuvants used to induce EAE. These results suggest that an inflammatory stimulus of the CNS is necessary for the accumulation of CD11c high CD103 + DCs in the cervical LN. We further characterized the CD103 + and CD103 − sub-populations of CD11c high DCs found in the cervical LN of EAE mice treated with PSA and PBS (untreated) ( Figure 4b ). Similar profiles were found in the DC sub-populations of PBS-and PSA-treated mice: CD103 + CD11c high DCs expressed enhanced levels of CD11b and TLR2 when compared with CD103 − DCs. Major histocompatibility complex class II, and CD86 activation markers were also increased in the CD103 + sub-population. By contrast, the expression of B220 was reduced in CD103 + when compared with CD103 − DCs. No expression of CD80 was found in either CD103 − or CD103 + DCs.
We analyzed the role of PSA in the acquisition of regulatory phenotypes by na ï ve CD4 + T cells when exposed to CD103 + / − CD11c high DCs. CD103 + / − CD11c high DCs were sorted from the LNs and co-cultured with na ï ve splenic FoxP3 − CD4 + T cells in the presence of PBS, purified PSA (100 g ml -1 ) or 4 n M retinoic acid (RA) and 5 ng ml -1 of TGF- ( Figure 5a ). Exposure of CD103 + DCs from naive mice to purified PSA enhanced significantly the conversion of FoxP3 − CD4 + T cells into CD4 + FoxP3 + cell when compared with PBS alone ( P = 0.01), however, the ARTICLES conversion rates were significantly lower ( P = 0.002) than those observed in the positive controls for conversion (RA and TGF-). When CD4 + T cells were cultured with CD103 − and PSA, the conversion of FoxP3 − CD4 + T cells into FoxP3 + Treg cells was not observed. Cytokine production in cells co-cultured with PSA was compared. No production of IL-17 was found in cells exposed to PSA, whereas TGF-and in particular IL-10 were enhanced significantly, as well as IFN-(not significant), in co-cultures that induced the conversion of The frequencies of FoxP3 + Treg cells were compared in the cervical LN of EAE mice ( Figure 5d ). As occurred with CD103 + DCs, FoxP3 + Treg cell frequencies were significantly enhanced in the cervical LN of EAE mice treated with PSA when compared with PBS-treated mice ( P < 0.05). In spite of the differences in the frequency of FoxP3 + Treg cells, no significant increases were observed in the numbers (not show). The cervical LN of mice not subjected to EAE induction showed no enhancement of FoxP3 + Treg cells on immunization with PBS or purified PSA.
PSA protection against EAE is IL-10 dependent
As IL-10 seemed to be enhanced in FoxP3 + Treg cells converted on PSA exposure, we next compared the production Oral prophylactic treatment with purified PSA protects mice against EAE. SJL ( a ) and C57BL / 6 ( b ) mice were immunized with 100 g of purified PSA by oral gavages every 3 days. Prophylactic treatment was initiated 6 days before EAE induction (with PLP 139 − 151 for SJL / J and MOG 35 − 55 for C57BL / 6 mice) and terminated 9 days after disease induction. Depicted are the combined results of three independent experiments ( n = 12, per group). P < 0.01 (Mann -Whitney U -test). Oral prophylactic treatment with purified PSA reduced EAE cumulative scores in SJL / J ( c ) and C57BL / 6 mice ( d ) when compared with PBS-treated mice. Cumulative scores were calculated as the sum of all EAE clinical scores divided by the number of mice per group. Graphs represent the combination of all independent experiments. Oral treatment of C57BL / 6 mice with purified PSA reduced nucleated cell infiltration into the CNS and demyelination ( e ). On day 19 after the disease induction, transversal sections of spinal cords were harvested and fixed in 10 % formalin. Sections were stained with either hematoxylin and eosin (H & E) (infiltration of nucleated cells) or luxol fast blue (demyelination).
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of IL-10 in leukocytes obtained from the cervical LN of naive C57BL / 6 mice exposed to PSA and MOG 35 − 55 . Cells were cultured in vitro with purified PSA, MOG 35 − 55 , or combined PSA and MOG 35 − 55 . Purified PSA induced the production of IL-10 in na ï ve cells ( Figure 6a ). IL-10 production was increased in cells stimulated with increasing concentrations of PSA. Stimulation with MOG 35 − 55 did not enhance the IL-10 produced by na ï ve cells, whereas culture with PSA and MOG reduced IL-10 production when compared with PSA only stimulation.
The importance of IL-10 in the protection conferred by oral administration of purified PSA was evaluated. IL-10-deficient and wild-type C57BL / 6 mice were treated with 100 g of PSA or PBS orally every 3 days starting 6 days before EAE induction. Induction of EAE in IL-10 knockout mice resulted in clinical disease similar to that observed in wild-type C57BL / 6 mice 
Figure 3
Oral therapeutic treatment with purified PSA protects mice against EAE. C57BL / 6 mice were treated with 100 g of purified PSA by oral gavages every 3 days, starting at days 3, 7, 10, or 16 after EAE induction ( a ). Depicted are the combined results of two independent experiments ( n = 8, per group). P < 0.01 (Mann -Whitney U -test). Therapeutic treatment with PSA 3, 7, and 10 days after EAE induction reduced cumulative scores when compared with PBS-treated mice ( b ). Treatment of mice with purified PSA 16 days after EAE induction had no effect in the cumulative scores when compared with untreated mice. Cumulative scores were calculated as the sum of all EAE clinical scores divided by the number of mice per group. Graphs represent the combination of all independent experiments. in onset, severity, and cumulative scores ( Figures 6b and c ) . The protection against EAE by PSA in parental wild-type C57Bl / 6 mice was completely abrogated in C57Bl / 6 IL-10-deficient mice.
DISCUSSION
Alterations of the gut commensal bacteria populations by oral treatment with antibiotics can influence the development of EAE. 13, 19 We herein show that oral treatment with a single purified polysaccharide antigen derived from B. fragilis , a non-toxic component of the normal human commensal microbiota protects mice against a CNS demyelinating disease. Moreover, we show that EAE protection with PSA is associated with a significant accumulation of CD103 + DCs and FoxP3 + T regulatory cells in the cervical LN. The CD103 + DCs induce the conversion of na ï ve CD4 + T cells into IL-10-producing FoxP3 + Treg cells that confer protection against disease when adoptively transferred (not shown). The mechanism of protection by PSA-induced IL-10-producing Treg cells is currently being evaluated. A recent report has shown that the administration of a mixture of commensal microorganims of the gut can protect against experimental EAE. 20 The protection observed was also IL-10 dependent. Our findings have identified the capacity of a single polysaccharide that induces similar level of protection in two genetically diverse strains of mice suggesting a broad genetic basis for conferring 
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protection by these ubiquitous human and mammalian commensal bacteria.
Previous studies have shown that CD4 + T-cell activation by PSA is dependent on the presentation of the antigen by CD11c + DCs. 21 After oral treatment of mice with fluorescence-labeled PSA, the polysaccharide is associated with CD11c + DCs in the mesenteric LN, suggesting that DCs sample PSA from the intestine and migrate to the mesenteric lymph node to initiate an immune response. Our observations suggest that CD103 + DCs are involved in the regulation shown by exposure to PSA. Exposure to purified PSA enhanced the capacity of na ï ve CD103 + DCs to convert CD4 + T cells in vitro into FoxP3 + Treg cells. Interestingly, oral treatment of EAE mice with purified PSA induced the accumulation of CD103 + DCs in the cervical LN, whereas we observed no accumulation in na ï ve mice subjected to immunization with PSA. CD103 − DCs were also enhanced in EAE mice treated with PSA; however, they expressed reduced levels of activation markers and did not enhance Treg cell conversion in vitro . This is the first report to show an accumulation of CD103 + DCs in other lymphoid tissues outside the GALT and respiratory mucosal tissues. 16 -18 It is relevant to note that the accumulation observed required an inflammatory process of the CNS. We are currently examining the mechanisms by which these mucosal DCs could migrate and / or accumulate in the cervical LN and the CNS.
Oral treatment with purified PSA induced a significant reduction of the Th1 and Th17 responses, measured in the brains and cervical LN of EAE mice. Enhanced levels of IL-10 secretion and expression were associated with oral administration of PSA. Studies by one of us (Dennis L Kasper, Harvard Medical school) have shown that PSA can influence the production of IL-10 and IFN-in CD4 + T cells and control T H 1 / T H 2 balance in germfree animals. 8, 9 IL-10-producing CD4 + CD45rb low T cells are induced in response to PSA administration and are protective in Figure 5 Exposure of CD103 + DCs to purified PSA enhances IL-10-producing FoxP3 + Treg cell conversion in vitro . DCs were harvested from cervical LN of na ï ve C57BL / 6 mice and sorted into CD103 + / − CD11c + DCs. Cells were co-cultured with CD4 + CD25 − T cells sorted from spleens of na ï ve mice in the presence of PBS, purified PSA (100 g ml -1 ) or RA (4 n M ) and TGF-(5ng ml -1 ) ( a ). FoxP3 acquisition by CD4 + T cells was measured by flow cytometry. Depicted are the representative results of an experiment from three separate experiments, and the combined results (mean ± s.d.) for all groups ( n = 6, per group). IFN-, IL-17, IL-10, and TGF-cytokines were measured by specific enzyme-linked immunosorbent assay (ELISA) in the supernatants of FoxP3 + -converted cells ( n = 6, per group). * P < 0.05, by t -test ( b ). Flow cytometry was used to compare the frequencies of IL-10 + cells in FoxP3 + CD25 + CD4 + T cells after the conversion studies with CD103 + DCs exposed to with purified PSA ( c ). Flow cytometry was used to compare the frequencies of FoxP3 + CD25 + CD4 + T cells gated in cervical LN in mice treated orally with PSA and PBS ( d ). Depicted are the combined results (mean ± s.d.) from two separate experiments ( n = 8, per group).
a Helicobacter hepaticus model of experimental colitis. 9 We now show that PSA can control the development of a CNS demyelinating disease. There are substantial differences in experimental disease model used in the previous reports on PSA and our EAE model, however, the remarkable IL-10 dependence of the protection induced by PSA could suggest that other regulatory T cells, such as Tr1 cells, as well as B-cell populations could be involved in the immune regulation induced by the polysaccharide.
Although PSA-converted Treg cells produced a significant level of TGF-compared with naive cells, the TGF-levels were remarkably lower in comparison with IL-10. Both untreated as well as purified PSA-treated IL-10-deficient mice developed a severe form of EAE. Earlier studies have confirmed a critical anti-inflammatory role of IL-10 in the protection to EAE. 22 -24 The reduction of the susceptibility of IL-10 knockout mice to EAE has been shown, confirming the model as a valid mechanism to compare the induction of protective immunity by IL-10-mediated oral tolerance. 22 In the studies presented, disease in IL-10-deficient mice resulted in EAE that was unresponsive to oral administration of purified PSA. Furthermore, PSA treatment failed to reduce the symptoms of EAE in IL-10-deficient mice when compared with untreated mice. PSA also enhanced the production of IFN-, although the increase measured was not significant when compared with those observed in PBSstimulated cells, and oral treatment with PSA reduced IFNlevels in brains and LNs. The role of IFN-in EAE induction and / or protection was controversial until IL-17 was identified as the primary inflammatory mediator responsible for the development of EAE. 25 -27 In vivo neutralization of IFN-, 28, 29 IFN--deficient mice, 30, 31 or IFN-receptor-deficient mice 32 enhance EAE severity, suggesting that IFN-is important for protection by possibly dampening IL-17 generation, as recently suggested. 33 -35 In contrast, delayed neutralization of IFN-after EAE challenge with anti-IFN-mAbs protected EAE-susceptible animals. 36, 37 In the studies presented, we show the critical role for a single polysaccharide antigen derived from the human and mammalian gut commensal B. fragilis in maintaining immune homeostasis distal to the GALT. Oral administration with PSA purified from wild-type B. fragilis induced prophylactic and therapeutic protection against the development of EAE in an IL-10-dependent mechanism. The clinical implications of our observations support an important and novel role for commensal bacterial antigen(s) in regulating peripheral immune homeostasis. Protection against CNS disease by this bacterial antigen seems to be associated with the trafficking and migration of a population of gut-derived CD103 + DCs to CNS-associated lymphoid tissue, a never previously reported occurrence suggesting an important biologic interaction between the gut mucosal tissue and the brain and spinal cord. Accordingly, adjustment to the gut microbiota may be a reasonable pathway by which to control disease pathogenesis and offer an important pathway for the treatment of MS and perhaps other autoimmune conditions. Deficiency in IL-10 production abrogated the protection conferred by PSA ( b ). IL-10 knockout mice and wild-type C57BL / 6 mice were treated with 100 g of PSA or PBS orally every 3 days starting 6 days before EAE induction. Depicted are the combined results of two independent experiments ( n = 8, per group). P < 0.01 (Mann -Whitney U -test). Deficiency in IL-10 production restored the EAE cumulative scores in PSA-treated mice ( c ). Graphs represent the combination of all independent experiments.
METHODS
Mice and treatments . Female 6 weeks old SJL / J and C57BL / 6 and IL-10 − / − (C57BL / 6 background) mice were obtained from the Jackson Laboratories (Bar Harbor, ME). All animal care and procedures were in accordance with at Dartmouth College Animal Resources Center institutional policies for animal health and well-being. Mice were treated orally with 100 g of purified PSA by oral gavages every 3 days. Prophylactic treatment was initiated 6 days before EAE induction and terminated 9 days after disease induction. For therapeutic treatment, C57BL / 6 mice were given 100 g of purified PSA by oral gavages every 3 days starting at 3, 7, 10, or 16 days after EAE induction. 38 Mice were monitored and scored daily for disease progression. 38 Cytokine detection by cytokine enzyme-linked immunosorbent assay . Specific cytokine enzyme-linked immunosorbent assay were used to quantify triplicate sets of supernatants. Cells were cultured in 24-well tissue plates at 2 × 10 6 cells ml -1 in the presence of anti-CD3 mAb-coated wells (10 g ml -1 ; BD Pharmingen, San Diego, CA), plus the soluble anti-CD28 mAb (5.0 g ml -1 ; BD Pharmingen) for 2 days, MOG 35 − 55 or media. 38 PCR detection of cytokine mRNA . In all, 1 g of QIAgen RNeasypurified (Qiagen, Germantown, MD) mRNA was reverse transcribed using Multiscribe RT (Amersham Biosciences AB, Uppsala, Sweden). Complementary DNA (200 ng) was amplified using the x2 SYBR green mix (Applied Biosystems, Foster City, CA) on a Bio-Rad iCycler (Hercules, CA). Relative expressions were normalized ( -actin sample --actin of na ï ve samples) and expressed using the cycle threshold method, where relative expression = 2^(exp -actin) × 1,000.
Fluorescence-activated cell sorting analysis . Single cervical lymph node (CLN) lymphocyte preparations were stained using conventional methods. T-cell subsets were analyzed using fluorochrome-conjugated mAbs (BD Pharmingen) for CD4 and CD25. Intracellular staining for FoxP3 and IL-10 was performed using fluorochrome labeled anti-Foxp3 (clone FJK-16s; eBioscience, San Diego, CA) and IL-10 (BD Pharmingen) mAbs. DCs were analyzed using CD11c, CD11b, CD103, B220, TLR2, I-A b major histocompatibility complex class II, CD80, and CD86 (BD Pharmingen). Bound fluorescence was analyzed with a fluorescence-activated cell sorting Canto (BD Biosciences). analysis . The student t -test was applied to show differences of combined experiments in cumulative clinical scores, luminex, and enzyme-linked immunosorbent assay detection of cytokines as well as in the flow cytometry of Treg cell and DC experiments. Mann -Whitney U -test was applied to show differences in EAE clinical scores. P -values < 0.05 and < 0.01 are indicated.
